Plant signal transduction is a rapidly expanding ®eld of research, and during the last decade a wealth of insight into how plants perceive and transmit signals as part of normal development and in response to environmental cues has been and is continuing to be unraveled. Although ?signaling cascades are often viewed as linear chains of events it is now becoming increasingly apparent, through the use of cell biological, molecular and genetic approaches, that plant signal transduction involves extensive cross-talk between different pathways. The numerous interactions and intersections which take place are potentially important to modulate and balance the various inputs from different signaling cascades so that plants can integrate all this information to execute the proper developmental responses.
Introduction
For optimal growth and development plants require the ability to coordinate complex developmental processes and at the same time sense and respond to endogenous physiological factors and environmental cues. The responses can be divided into three main events: stimulus perception, generation and transmission of a signal, and subsequent changes in downstream biochemical processes. For this process to be successfully executed specialized receptor molecules, which perceive the endogenous incoming cue, are required to generate chemical and/or protein effector molecules to transmit the signal in order to trigger subsequent downstream responses. Due to the complexity of signaling cascades, transduction pathways require sensitivity and speci®city that are coordinated and integrated by positively and negatively acting signaling components.
Because of space limitation this review does not provide an exhaustive account of plant signal transduction. Rather, our intention is to cover new and exciting ®ndings in this ®eld and to emphasize the communications between different pathways. We will cover signaling pathways mediating responses to hormonal and environmental cues, describing recent ®ndings brought to light using a battery of Arabidopsis mutants. Although signaling cascades involved in the development of specialized plant cells, tissues and organs (such as meristem maintenance, root hair formation and trichome formation) form an integral part of plant signal transduction, these will not be described here. The combination of genetic and biochemical approaches to gain insight into plant signaling networks, is revealing the inherent complexity of how plants respond to developmental and environmental cues. We feel that pathway interactions will be of great importance in controling the plethora of inputs a plant receives from different signaling cascades which in turn enables plants to execute the appropriate physiological and developmental responses.
Auxin
Auxin is a plant hormone that plays important roles in plant development at the cellular as well as the tissue/organ levels. At the cellular level, this hormone is involved in cell division, cell elongation and differentiation whilst at the tissue/ organ level it is implicated in a number of developmental processes such as meristem maintenance, root elongation, lateral root development, and senescence.
Early work on auxin signaling focused primarily on the identi®cation of DNA sequence elements that mediate auxin responsive expression of the immediate early genes. A number of auxin response elements (AuxRE) have been identi®ed and many contain the core sequence TGTCTC (cf. Guilfoyle et al., 1998) . Using a yeast one-hybrid system, Ulmasov et al. (1997) ®rst isolated a transcription factor, designated as auxin-response factor ARF-1 that binds speci®cally to AuxRE. ARF-1 has a molecular mass of 74 kDa and it contains an N-terminal DNA-binding domain and a C-terminal dimerization domain. The dimerization domain shows sequence homology to motifs III and IV in the C terminus of the nuclear Aux/IAA proteins, which have a short half-life and are encoded by immediate early auxin response genes (Guilfoyle et al., 1998) . Further studies showed that ARF-1 represents only one of the ARF family of transcription factors, which consists so far of nine members. The ARF proteins range in size from 67 to 129 kDa. All contain the conserved N-terminal DNA-binding domain however, ARF3 lacks the Cterminal domain implicated in dimerization. Transient expression assays in carrot protoplasts showed that ARF 1 acts as a repressor whereas ARF5, -6, -7, and -8, which contain glutamine-rich activation domains, can function as transcriptional activators of AuxRE-linked promoters (Ulmasov et al., 1999) . These results suggest that when ARFs bind to AuxRE directly they can either activate or repress transcription at least under these transient expression conditions.
The relationship between ARFs and Aux/IAA proteins is not at present clear. Aux/IAA proteins do not contain DNA-binding or activation domains. They may act as auxin response repressors, since they can potentially dimerize with ARFs, thereby inhibiting their activator function. If this is indeed the case one could envisage that speci®c degradation of these repressors would be one mechanism by which the auxin response is affected.
Genetic analysis of Arabidopsis mutants has started to shed light on components that are required for the auxin response. Estelle and coworkers have isolated two groups of Arabidopsis mutants, one resistant to auxin (axr) and the others resistant to auxin transport inhibitors (tir). The genes encoding AXR1 and TIR1 have been cloned and turned out to encode components of the ubiquitin pathway (Leyser et al., 1993; Ruegger et al., 1998) .
The ®rst step in the ubiquitin pathway is the activation of ubiquitin or ubiquitin-like protein by the ubiquitin-activating enzyme E1. Arabidopsis AXR1 was found to encode a protein with amino acid sequence homology to the N terminus of E1. This ®nding was initially puzzling until it was discovered that the function of E1 can be supplanted in yeast by two smaller proteins with sequence homology to the N and C terminus of E1 (Lammer et al., 1998) . The Arabidopsis AXR1 homolog in yeast is called ENR2. The ®nding that ENR2p and UBA3p can function cooperatively to activate RUB1p, a ubiquitin-like protein, led del Pozo et al. (1998) to hypothesize that a similar situation may operate in Arabidopsis, i.e. that AXR1 may act in concert with a UBA-like protein to activate the Arabidopsis RUB1. Sequence searches of the Arabidopsis database revealed an expressed sequence tag called ECR1 that encodes the C-terminal half of E1. In vitro biochemical experiments veri®ed that AXR1 and ECR1 together were suf®cient to activate RUB1, and that the putative active site cysteine residue in ECR1 was required for this activity. Moreover, wild-type but not axr-1-1 extracts were able to form an ECR-RUB1 complex. Taken together, these results provide strong evidence that AXR1 encodes a component of the E1 enzyme which is needed to catalyze the activation of RUB1.
The tir1 mutant was initially isolated on the basis of its resistance to an auxin transport inhibitor (Ruegger et al., 1998) . Subsequent analysis, however, revealed de®ciencies in several auxinmediated responses, such as hypocotyl elongation at 29 deg., inhibition of root elongation, and stimulation of lateral root development. As the tir1 mutant still responds to auxin, it was clear that TIR 1 was not essential for auxin responses. The availability of a T-DNA-tagged allele (tir1-9) facilitated the cloning of the TIR1 gene which encodes an F-box protein with 16 leucine-rich repeats (Ruegger et al., 1998) . In yeast and other eukaryotes, F-box proteins are members of SCF complexes which function as E3 ubiquitin protein ligases. These enzyme complexes target protein substrates for ubiquitination and subsequent degradation by the 26 S proteosome. The speci®city of the substrate is presumably provided by the F-box protein in the complex, which in addition to the F-box also contains another sequence motif for interaction with the target protein (cf. Patton et al., 1998) .
In addition to an F-box protein, the SCF complex contains two additional subunits, CDC53 (CUL-LIN) and SKP1. Arabidopsis homologs of CULLIN (ATCUL1) and SKP1 (ASK1 and 2) have been cloned, and as a ®rst step to prove the operation of the F-box hypothesis in Arabidopsis, Estelle and coworkers (Gray et al., 1999) showed that recombinant TIR1 interacts with ATCUL1 and ASK1/2 to form complexes in planta. The function of the SCF complex in auxin response was further supported by two additional experiments. An ask1 mutant was shown to be impaired in the induction of lateral root development by 2,4-D, a synthetic auxin, and transgenic plants over-expressing TIR1 under the control of a dexamethasone-inducible promoter (Aoyama & Chua, 1997 ) displayed a constitutive auxin response phenotype in the presence but not the absence of dexamethasone. The latter experiment implies that the concentration of TIR1 in plant cells is low and limits the normal auxin response which is indeed the case for other F-box proteins mediating other eukaryotic processes (cf. Patton et al., 1998) . Other experiments that would be of interest include the analysis of RUB1 transfer to CULLIN.
The tobacco MAPKKK (NPK1) has been shown to repress auxin-regulated gene expression in maize mesophyll protoplasts, suggesting that this kinase can negatively regulate the auxin response (Kovtun et al., 1998) . Whilst there are many potential sites of regulatory repression by this kinase, it would be interesting to determine whether any subunit of the SCF complex is a substrate and whether the complex activity is blocked or its assembly disrupted by subunit phosphorylation.
Although the results with AXR1 and TIR1 clearly implicate the ubiquitin proteolytic pathway in auxin responses, how this SCF complex ®ts into the auxin signal transduction cascade is not yet clear. The SCF complex presumably degrades an auxin response repressor, which in the case of other systems requires phosphorylation in order for it to be recruited to the complex. The auxin transduction pathway could provide this phosphorylation signal, and future work will be needed to elucidate how this signal is transmitted from auxin to the SCF complex. The identity of the repressor(s) is clearly of great interest. ARF3 and AUX/IAA proteins that appear to function as repressors of auxin-inducible gene expression are good candidates. In this regard, it would be interesting to determine whether these proteins become phosphorylated in the presence of auxin, whether they are degraded in auxin-treated plants and whether they interact with TIR1 in yeast twohybrid assays.
Gibberellic acid and cytokinin
Relatively little is known about the gibberellic acid (GA) and cytokinin signaling cascades in comparison to other hormonal signaling pathways. Recent genetic and molecular studies, however, has identi®ed signaling components of both these signaling cascades.
Gibberellic acid
A GA signaling mutant, spy (spindly), has been isolated on the basis of its light-green leaves, increased internode length, spindly growth habit and poor fertility, phenotypes shown by wild-type (WT) plants after repeated GA3 applications. As this mutant is still responsive to GA, the SPY protein most probably only regulates a subset of the GA response pathways (Jacobsen & Olszewski, 1993) . The molecular cloning of SPY revealed a TRP repeat protein that has sequence homology to a serine (threonine)-O-linked N-acetylglucosamine transferase (Jacobsen et al., 1996) , but it is not known if SPY has this enzymatic activity. The recessive nature of the mutation suggests that SPY acts as a repressor of the GA response; hence, mutational inactivation of the SPY protein would cause constitutive activation of a subset of the GA pathways.
The signaling mutant, gai (GA-insensitive), shows reduced sensitivity to GA (Peng et al., 1997) . The gai gene encodes a protein of 532 amino acid residues with a high degree of sequence homology to SCARECROW (SCR) (Di Laurenzio et al., 1996) at the C-terminal region; however, the N terminus of GAI contains a putative nuclear localization signal which is absent in SCR. The gai-1 allele suffers a 51 bp in-frame deletion generating a mutant protein with an internal deletion of 27 amino acid residues at the N terminus. This gai mutant protein acts most likely as a dominant negative mutant, thus explaining the semi-dominant nature of the mutation. Because a null allele of gai confers a weak spy-like phenotype, it was proposed that GAI acts as a repressor of GA signaling. The repressor function of the GAI protein is inactivated by GA treatment, but the gai mutant protein is refractory. Strong alleles of spy are able to suppress the gai mutant phenotype, suggesting that SPY and GAI participate in the same pathway with SPY acting upstream of GAI.
The ®rst committed step in GA biosynthesis is catalyzed by the enzyme copalyl-diphosphate synthase (CPS) encoded by GA1. Mutations in this locus block GA biosynthesis and result in GA-de®cient mutant plants that are extreme dwarf, male-sterile, and show poor germination. Silverstone et al. (1998) isolated recessive suppressors of the ga 1-3 mutant and identi®ed a new Arabidopsis gene called RGA (repressor of ga 1-3) that is involved in GA responses. As rga can suppress the effects of GA de®ciency, the RGA protein must act as a repressor of the GA signaling pathway. The molecular cloning of the RGA locus revealed that it encodes a protein of the GRAS (VHIID) family, which includes SCR and GAI as members. Interestingly, both GAI and RGA contain a conserved DELLA sequence at the N terminus, which is not found in SCR. The internal deletion in the gai mutant protein removes the DELLA sequence, suggesting that this motif is important for GA responses. Consistent with the presence of a putative nuclear localization signal at the N terminus of RGA, Silverstone et al. (1998) showed that this protein indeed localizes to the nucleus. The sequence homology between RGA and GAI and the presence of leucine heptad repeats in these two proteins suggests that they may interact to form a regulatory complex to repress GA signaling; alternatively, each repressor may form homodimers to regulate a different or overlapping set of GA responses. The activity of the GAI/RGA repressors can be inactivated by GA and is dependent on SPY which acts upstream of these two proteins. The existence of a family of GAI/RGA-related repressors is reminiscent of the family of ethylene receptors that repress the ethylene response pathway. In the latter case, the negative regulatory functions of these receptors was only revealed in a quadruple mutant (Hua & Meyerowitz, 1998) .
Cytokinin
Despite its importance in cell division and various differentiation processes, the pathway through which cytokinin transmits its signal is poorly understood. Using activation T-DNA tagging, Kakimoto (1998) isolated a gene (CKI1) whose over-expression in plant calli confers a cytokinin-independence phenotype. The CKI1 gene encodes a protein with sequence homology to a histidine kinase domain as well as a receiver domain, suggesting that a two-component signaling system may be involved in cytokinin responses. Several Arabidopsis cDNA clones encoding putative response regulators have been isolated (Imamaru et al., 1998; Sakai et al., 1998) , but their roles in cytokinin signaling are not clear at present.
A major dif®culty in the elucidation of the cytokinin signaling pathway is the scarcity of target genes that are induced speci®cally by the hormone. Three genes, IBC6, IBC7 (Brandstatter & Kieber, 1998) and CycD3 (Riou-Khamlichi et al., 1999), appear to be primary targets of cytokinin, since their induction can occur without new protein synthesis. Because the induction is blocked by okadaic acid and the protein kinase inhibitor staurosporine can induce the gene in the absence of cytokinin, a staurosporine-sensitive kinase can be postulated to act as a repressor of the cytokinin signaling pathway. Riou-Khlamlichi et al. (1999) reported that transgenic Arabidopsis plants constitutively expressing CycD3 can produce calli in the absence of cytokinin. In contrast to calli over-expressing the isopentenyl transferase gene, the CycD3-expressing calli were not able to regenerate into shoots although the cells remained green. Thus, other cytokinin-activated genes are needed for shoot regeneration. Also, the induction of CycD3 which is important for G1/S transition provides a molecular linkage between cytokinin and cell division. It is curious that no cytokinin signal transduction mutant has been isolated thus far.
Sugars
As end products of photosynthesis, sucrose and glucose have opposing effects on two broad classes of genes. They stimulate the expression of genes involved in anthocyanin biosynthesis, glycolysis, defense responses, and nitrate and phosphate metabolism, but inhibit the expression of genes involved in chlorophyll biosynthesis, photosynthetic functions, gluconeogenesis, starch degradation, and the glyoxylate cycle. The fact that sugars can modulate such a wide range of molecular and biochemical responses suggests that sugarsensing mechanisms must interact with other signaling pathways. Research carried out in the last three or four years have identi®ed at least two sugar signaling pathways: one appears to be regulated by hexokinase (Jang et al., 1997) whilst the other by SNF1-like protein kinases (Ne Âmeth et al., 1998) .
When Arabidopsis seeds germinate in the light, the cotyledons expand and turn green, followed by a rapid emergence of true leaves. This developmental program is arrested by 6 % glucose resulting in no cotyledon expansion nor greening. Sheen and co-workers showed that the Arabidopsis hexokinases, HXK1 and 2, play a key role in sensing this glucose signal (Jang et al., 1997) . Using a reverse genetics approach, they found that transgenic plants over-expressing HXK1/2 were more sensitive to sugar, whereas antisense HXK1/2 plants with reduced levels of HXK1/2 were less sensitive compared to WT.
The interaction between a glucose-sensing pathway and a hormone signaling pathway was revealed recently by the surprising ®nding that the glucose-mediated developmental arrest and greening can be overcome by ethylene treatment of WT seedlings (Zhou et al., 1998) . This opposing effect of ethylene was not seen in etr1-1, a receptor mutant that is insensitive to ethylene. Conversely, eto1-1, an ethylene over-production mutant, and ctr1-1, a constitutive ethylene triple response mutant, were not affected by 6 % glucose in their seedling development, and addition of ethylene had no further effects. These results indicate that the ethylene signal transduction pathway, including ETR and CTR, are required for the observed effect, and that the sugar and ethylene signaling pathways function in opposition to modulate the early stages of Arabidopsis seedling development. Zhou et al. (1998) isolated a glucose-insensitive, recessive mutant called gin-1 which escapes the seedling developmental arrest imposed by 6 % glucose. Thus, GIN1 must act as a positive regulatory element in transmitting the glucose signal for repression of the early developmental processes including seed germination, cotyledon expansion and greening, and true leaf development. As the gin-1 mutant has dark-green leaves but does not exhibit ethylene triple response, as seen in the ctr mutants, gin-1 classi®es as a constitutive signaling mutant only with respect to a subset of ethylene responses. Further analysis of double mutants between gin-1 and mutants affected in components downstream of CTR (e.g. EIN2 etc.) should ascertain the possible involvement of these components in the responses. Glucose also causes a delay of owering which is relieved by the gin-1 mutation, indicating that the glucose repressive effect on owering is mediated by GIN-1. In addition to the ethylene signal transduction pathway, glucose sensing mechanisms in plants most likely interact with several other hormone signaling pathways. Koncz and co-workers (Ne Âmeth et al., 1998) isolated a mutant called prl-1 (pleiotropic root locus) which is hypersensitive to glucose and has a pleiotropic phenotype, suggesting deregulation in a number of hormonal responses. Because prl-1 is a recessive mutation, its WT gene product PRL1, was proposed to act as a negative regulator of glucose responsive genes. Subsequent molecular cloning showed that PRL encodes a WD-40 protein that interacts with an alpha-importin of Arabidopsis. Bhalerao et al. (1999) recently demonstrated that the Arabidopsis AKIN10 and 11 genes can complement the yeast snf1 deletion mutant and therefore most likely encode homologs of SNF1. Through the use of the yeast two-hybrid system, the Nterminal domain of PRL1 was found to interact with the C-terminal domains of AKIN10/11, and interestingly these interactions were sensitive to glucose in yeast. A known target of sugar regulation in plants is sucrose phosphate synthase which is inactivated by phosphorylation at high sugar concentrations. Consistent with this observation, puri®ed AKIN 10/11 proteins were able to phosphorylate a peptide of sucrose phosphate synthase in vitro, and this speci®c protein kinase activity was inhibited by puri®ed PRL. Using antibodies to AKIN10/11 it was possible to obtain immunocomplexes from plant extracts and assay for their kinase activity using the sucrose phosphate synthase peptide as a substrate. Bhalerao et al. (1999) showed that the kinase activity in light-grown WT plants was stimulated by sucrose and the activation level was higher in the prl-1 mutant compared to WT. These results bolster the in vitro ®nding that PRL-1 functions as a negative regulator of AKIN 10/11 kinase activity. prl-1 is not only hypersensitive to glucose, but also to cytokinin, auxin, ABA, and ethylene, indicating potential interactions between pathways transmitting these hormonal signals through PRL. As evidenced by the work on gin1, sugar signaling and hormone signaling pathways may share certain common regulatory components. The extent of these interactions may be clari®ed by analyzing sugar responses of well-characterized hormone signaling mutants.
Because sugars are end products of photosynthesis, it is perhaps not surprising that there is also an interaction between light and sugar signaling pathways. In WT seedlings, sucrose antagonizes the effect of FR light with respect to inhibition of hypocotyl elongation and cotyledon opening, as well as FR-induced killing (Barnes et al., 1996) . High levels of sucrose also suppress expression of photosynthetic genes (e.g. CAB, PETH) during development in the dark, and Dijkwel et al. (1997) isolated mutants (sun, sucrose-uncoupled) that showed reduced repression of these genes. Further analysis revealed that sun7 displays a reduced response of sucrose-mediated repression of cotyledon opening in FR light, whilst sun6 shows a reduced response of sucrose-mediated block of FR-induced killing (Barnes et al., 1996) .
Light
Light is an extremely important environmental cue and because of their photosynthetic and nonmotile nature, plants need to be particularly adaptive to their light environment. Light provides both energy for photosynthesis and informational signals to optimize growth and development. The perception and transduction of these light signals is accomplished through the use of specialized photoreceptors. Of the three major classes of plant photoreceptors, the phytochromes are the best characterized and are important in controlling morphological responses that are underpinned by changes in gene expression (cf. Kendrick & Kronenberg, 1994) . Phytochromes are encoded by a small gene family, and in Arabidopsis ®ve phytochrome genes (phyA-phyE) have been identi®ed among which PhyA (FR-light perception) and PhyB (R-light perception) are the best characterized. Although the phytochromes are best characterized, plants also have photoreceptors that perceive other wavelength of light such as bluelight, UV-A and UV-B. Using mutants, in particular Arabidopsis mutants, which speci®cally lack one of the phytochromes, the different phytochrome properties have been characterized (cf. Quail et al., 1995) . For example, phyA-de®cient mutants do not display any hypocotyl growth inhibition in constant FR-light, whereas hypocotyl growth of phyBde®cient mutants, like that of wild-type, is inhibited. Although phyA and phyB monitor distinct light qualities and exhibit contrasting roles during plant development, cross-talk does exists between the two pathways. For example, the photomorphogenic mutants pef1 (Ahmad & Cashmore, 1996) and psi2 (Genoud et al., 1998) show deregulated responses both to R and FR-light, suggesting defects in both phyA and phyB responses. In addition, recent work by Quail and co-workers (Ni et al., 1998) has shown the existence of phytochrome-interacting factors (PIFs) that are necessary for normal light signal transduction in response to both R and FR-light. It was shown that PIF3, a novel basic helix-loop-helix protein and putative transcription factor interacts at the protein level with both phyA and phyB. Moreover, upon R and FR irradiation, transgenic Arabidopsis expressing antisense and sense PIF3 transgenes show abnormal photoresponsiveness in terms of hypocotyl elongation and light-responsive gene expression patterns, although the effect is more predominant in R-light. Similarly, Chory and co-workers (Fankhauser et al., 1999) reported the isolation of PKS1, a substrate phosphorylated by phytochrome which interacts with both phyA and phyB but which seems to exert its effect, as a negative regulator, through phyB. Interestingly, phyB has been shown to translocate to the nucleus of Arabidopsis upon R-light illumination (Yamaguchi et al., 1999) , so it is tempting to speculate that phyB interacts with proteins such as transcription factors in the nucleus to modify gene expression patterns. Although a number of genetic screens have isolated mutants speci®cally defective in either phyA or phyB signal transduction, the above phenomena clearly represent the ®rst line of interaction between signaling pathways in response to environmental cues.
Plant Signaling Pathways
Once light has been perceived by the plant a number of morphological responses take place, including cotyledon expansion, hypocotyl epidermal cell differentiation, hypocotyl growth inhibition, and leaf development (Gendreau et al., 1997; von Armin & Deng, 1996) . Based on these lightdependent morphological responses, a number of screening strategies have been developed (Barnes et al., 1996; Fankhauser & Chory, 1997) with the aim of isolating mutants with altered light responses. From these screening programs (see below) a number of mutants (both EMS and T-DNA-tagged) have been isolated, mainly from Arabidopsis, and these can be divided into two main classes, the insensitive and constitutive mutants (Chamovitz & Deng, 1996; Fankhauser & Chory, 1997) . Insensitive mutants display a light-blind phenotype manifested by an elongated hypocotyl in light and can be further subdivided into photoreceptor mutants and phytochrome-speci®c signaling impaired mutants. The photoreceptor mutants include hy3 (phyB), hy8 (phyA), hy4 (cryptochrome) and hy1 and hy2 (chromophore biosynthetic mutants). In terms of phyA signaling, phyA mutants have been used extensively in de®ning primary signaling intermediates, mostly small molecules, between phyA and gene expression. Using a microinjection approach it has been demonstrated that putative heterotrimeric G proteins acted as an upstream component of the phyA signal transduction pathway (Bowler et al., 1994b; Neuhaus et al., 1993) and that at least three different pathways, involving calcium and/or cGMP, controlled phyA responses downstream of the G protein complex. It was shown that cGMP stimulates chalcone synthase (CHS) expression and anthocyanin biosynthesis, that calcium/calmodulin activates chlorophyll a/b-binding protein (CAB) expression and partial chloroplast development, and that both cGMP and calcium activates photosystem I (PSI) genes such as ferredoxin NADP oxidoreductase (PETH) expression to produce fully active chloroplasts. Using agonists and antagonists to disrupt signal¯ow, cGMP and Ca 2 /CaM were shown to exhibit inter-pathway regulation where downstream regulators of one pathway can negatively regulate one another and vice versa, a control mechanism termed reciprocal control (Bowler et al., 1994a) . Using this model, asparagine synthetase (AS1) has been shown to be expressed in the dark but repressed in the light, and this repression is most likely mediated through the Ca 2 /cGMP pathway that activates other light responses (Neuhaus et al., 1997) . Although this approach yielded insights into phyA signal transduction, the attention has now been shifted towards the isolation of protein components mediating phototransduction cascades.
A number Arabidopsis mutants blocked speci®-cally in phytochrome signaling have been identi®ed and characterized, and recently some of the disrupted genes have been cloned. Three such insensitive mutants have been isolated that are speci®c for phyB signaling, e.g. pef2, pef3 (Ahmad & Cashmore, 1996) and red1 (Wagner et al., 1997) , whilst at least ®ve mutants (fhy1, fhy3, ®n2, spa1, and pat1) have been identi®ed showing phyAspeci®c hypocotyl elongation. The disrupted genes from two phyA-speci®c signaling mutants, SPA1 (Hoecker et al., 1999) and PAT1 (C. Bolle, C. Konz & N.-H.C., unpublished results) have now been cloned by positional cloning and by T-DNA rescue, respectively. The cloning of SPA1, encoding a WDrepeat protein from Arabidopsis, speci®c to phyA signal transduction, revealed interactions between phyA and phyB (Hoecker et al., 1999) . It was shown that both phyA and phyB are required for normal SPA1 transcript accumulation in response to R light, but that the phenotypic manifestation was mainly achieved through the action of phyA. The pat1 mutant phenotype, on the other hand, is highly speci®c to FR-light irradiation and only affected in phyA-speci®c gene expression patterns. Interestingly, the cloning of PAT1 revealed it to be a member of the GRAS (VHIID) protein family (C.B., C.K. & N.-H.C., unpublished results). This suggests that the GRAS protein family may have a global role in plants signal transduction as described in earlier sections. Moreover, members of this protein family harbor structural motifs suggestive of protein-protein interactions, which indicate that interactions between these different pathways may occur at the level of common interacting partners as part of a signaling network.
The constitutive class of Arabidopsis mutants were isolated based on seedlings exhibiting lightgrown phenotypes (short hypocotyl and open cotyledons) in the dark (Chory, 1993; Deng, 1994) , and these are termed det (deetiolated) and cop (constitutive photomorphogenic). All constitutive mutants isolated so far have been of a recessive nature implying that the WT gene products encode repressors of the signaling cascade (Chory, 1993; Deng, 1994) . As eluded to previously, however, the complexity of photomorphogenic developmental programs, in¯uenced by factors others than light, also play important roles in a seedlings development. Both the det and cop mutants are pleiotropic in nature, harboring phenotypes not only restricted to photomorphogenic traits. Indeed, the det1 phenotype is in¯uenced by cytokinins (Chory et al., 1994) whilst det2 is affected by brassinosteroids (Li et al., 1996) . Moreover, six of the 11 constitutive mutants (cop1, cop8, cop9, cop10, cop11, det1) have been shown to be allelic to the seedling lethal fusca (fus) mutants underlining their pleiotropism (Castle & Meinke, 1994; McNellis et al., 1994; Wei et al., 1994a) . Wei et al. (1994b) showed that COP9 exists as part of a larger eight subunit complex, with COP8 and COP11 acting as interacting partners demonstrating molecular interactions between some of the gene products of these pleiotropic mutants. The molecular cloning of COP1 revealed several interesting structural modules such as an N-terminal RING ®nger motif, a central coiled-coil motif and a C-terminal multiple WD-40 repeat unit (Deng et al., 1992) . Further studies have suggested that the C-terminal WD-40 motif can act as a repressor of photomorphogenesis (Torii et al., 1998) and that COP1 interacts directly with HY5 (see below), a bZIP transcription factor and a positive regulator of photomorphogenesis, to de®ne a regulator switch for light-dependent development in Arabidopsis. These ®ndings imply a role for COP1 as a repressor and highlights the spectrum of interactions that most probably take place between different light signaling pathways.
Interestingly, shy2 was recently cloned from Arabidopsis and shown to encode IAA3, a member of the auxin-inducible gene family (Tian & Reed, 1999) . Since shy2 was identi®ed as a suppressor of the long hypocotyl phenotype in hy2, it is feasible that SHY2 plays a key role in auxin regulatory processes and represents a communicative link between light and auxin signaling.
HY5 was identi®ed as a positive regulator of photomorphogenesis due to the light insensitive nature of the hy5 mutant; abnormal inhibition of hypocotyl elongation in the light, abnormal chlorophyll accumulation and root defects (Koornneef et al., 1980; Ang & Deng, 1994) . Although hy5 shows light insensitivity, the pleiotropic nature suggest its involvement in various aspects of plant development. Typical hy5 phenotypes include: (i) lack of lateral root gravitropism; (ii) increased lateral root formation and elongation; (iii) reduced secondary thickening in the root and hypocotyl; and (iv) a de®ciency in chlorophyll accumulation in the hypocotyl (Oyama et al., 1997) . By virtue of the pleiotropism observed, a number of roles for HY5 in plant signaling has been put forward, including involvement in auxin signaling due to the lack of secondary wall thickening, as a transcriptional regulator of developmental processes in the hypocotyl and the root, and as a positive regulator of cell elongation in response to light.
Brassinosteroids
The notion has been put forward that plant hormones that affect division, elongation and differentiation of cells are directly involved in the response of plants to light cues; however, these interactions are poorly understood (Davis, 1995) . A possible role of brassinosteroids in these interactions created a lot of excitement, but the lack of genetic tools has made studies dif®cult. However, the realization that a number of dwarf mutants such as det2, dwf1, dim1 and cpd, previously identi®ed as light signaling mutants were also defective in brassinosteroid biosynthesis has opened up new insight into interactions between light and brassinosteroid pathways (cf. Ecker, 1997) . Similarly the identi®cation of bri1, a brassinosteroid insensitive mutant and the subsequent cloning of BRI1 (Li & Chory, 1997) revealed interesting clues concerning possible interactions between these pathways (see below).
det2, a pleiotropic mutant shows a number of light-responsive traits (Li et al., 1996) , such as a short and thick hypocotyl, anthocyanin accumulation, open expanded cotyledons and primary leaf buds in the dark. In addition, a ten-to 20-fold derepression of light-responsive genes is observed. Conversely, det2 is smaller and greener than wildtype with reduced cell size, reduced apical dominance accompanied by altered circadian rhythm responses in the light. The positional cloning of DET2 revealed a high degree of amino acid sequence similarity to mammalian steroid 5a-reductases which catalyses the NADP-dependent conversion of testosterone to dihydrotestosterone, one of the key steps in steroid biosynthesis. In plants, brassinosteroid biosynthesis involves mainly oxidative steps with only two reductive steps, one of which occurs early in the pathway where campesterol is reduced to campestanol, a similar reaction catalyzed by the mammalian steroid 5a-reductases. To test the role of DET2 in brassinolide biosynthesis Chory and co-workers (Li et al., 1996) performed rescue experiments and observed that 10 À6 M brassinolide could rescue the short hypocotyl phenotype of det2 in the dark, whilst 10 À7 M brassinolide suppressed the dwarf phenotype in terms of petioles and leaves. The speci®city of the reaction was tested by the addition of gibberellin and auxin which had no effect on the det2 phenotype. Similarly, det1 could not be rescued by the addition of brassinolide, indicating that DET1 and DET2 most probably act in different pathways. The pleiotropic nature of the det2 mutation in Arabidopsis suggests that brassinosteroids are involved in several processes, including the expression of light-regulated genes, the induction of cell elongation in leaf development and in¯oral induction, which in turn is either regulated by light or by other hormones.
The Arabidopsis cpd mutant, which displays deetiolation and derepression of light-inducible genes in the dark, represents another example illustrating the interaction between light and brassinosteroid signaling pathways. CPD has been cloned and encodes a cytochrome P450 with good sequence homology to steroid hydroxylases (Szekeres et al., 1996) . As with det2, the cpd mutant phenotype can be fully restored to that of WT by the addition of C23-hydroxylated brassinolide precursors. Similarly, the Arabidopsis dim mutant was shown to be impaired in brassinosteroid biosynthesis (Klahre et al., 1998) and, moreover, the dim phenotype resembles that of det2 in displaying a short hypocotyl and open expanded cotyledons in the dark (Takahashi et al., 1995) . However, dim1 mutant seedlings, grown in the dark, did not exhibit derepression of light-inducible genes.
The Arabidopsis brassinosteroid insensitive mutant bri1 was isolated based on its ability to elongate roots on 10 À7 M 24-epibrassinolide compared to WT seedlings which show up to 75 % inhibition of root elongation under these conditions (Clouse et al., 1996) . The bri1 mutant also resembles, in both light and darkness, the det2 and cpd phenotypes. It is interesting to note that a number of genetic screens for brassinosteroid insensitive mutants have so far resulted only in the isolation of new bri1 alleles. BRI1 encodes a receptor-like protein belonging to a family of plant receptor-like transmembrane kinases (RLK) known as leucine-rich repeat (LRR) kinases (Li & Chory, 1997) , to date restricted solely to the plant kingdom although LLR motifs have been found in all organisms studied. Members in Arabidopsis include ERECTA (Torii et al., 1996) and CLAVATA1 (Clark et al., 1997) . It is, of course, tempting to speculate that BRI1 is the plant brassinolide receptor, however, this remains to be demonstrated.
Findings to date indicate that the point of interaction and intersection between the light and brassinosteroid pathways lie within the ability of light to modulate brassinosteroid signal transduction in target cells, or perhaps even by regulating their biosynthesis directly. The situation becomes more complicated, however, in that cytokinin addition can cause a det2 phenotype in dark grown WT Arabidopsis seedlings (Chory et al., 1994) and that the CPD gene is down-regulated by cytokinin, suggesting that cytokinin negatively controls brassinosteroid biosynthesis (Szekeres et al., 1996) .
Ethylene
The ethylene signal transduction pathway is probably the best understood hormone signaling pathway (cf. Johnson & Ecker, 1998) , whose elucidation of this pathway has been greatly aided by the isolation of mutants that are either blocked in ethylene response or display a constitutive ethylene response in the absence of the gas. The current knowledge of the sequence of events linking ethylene perception to activation of ethylene responsive gene is given in Figure 1 .
In the absence of ethylene, the ethylene receptors constitutively activate CTR, a Raf protein kinase, and the ensuing signaling cascade culminating in the repression of the positively acting EIN2 protein. Binding of ethylene to the receptors disrupts the interaction between the receptors and CTR and somehow inactivates the latter, as well as the ensuing MAP kinase cascade. This relieves the repression of the EIN 2 protein leading to ethylene response gene activation.
Production of the ETR1 protein in bacteria has facilitated its biochemical characterization. In vitro studies demonstrated that the hydrophobic Nterminal domain of ETR1 is responsible for ethylene binding, whilst the C terminus contains a domain with histidine kinase activity which is dependent on Mn 2 (Gamble et al., 1998) . The precise mechanism by which the signal is relayed from the ethylene receptor to CTR is, however, not known. Like all other MAP kinases, full-length CTR1 may not be active because of an auto-inhibitory effect involving the N-terminal domain. This N-terminal region has been shown to speci®cally interact with the histidine kinase domain of ETR1 and ERS (Clark et al., 1998) and it is possible that such an interaction activates CTR1 through a relief of the auto-inhibition. Binding of ethylene to the receptors presumably disrupts this interaction and releases CTR1 in its inactive form, leading to derepression of downstream targets. It is not clear at present whether histidine phosphorylation of ETR1 precedes or follows dissociation of CTR1 from the receptors. Because recombinant ETR1 was used in the interaction studies with CTR1, the former is probably not phosphorylated, and if this is the case, histidine phosphorylation may simply be a mechanism to desensitize the receptors.
Several critical in vitro and in vivo experiments can be performed to test the validity of the above model of ETR1-CTR1 interaction. In vitro kinase activities of CTR1 in the presence or absence of the ETR1 C-terminal domain should be determined to assess the effects of the interaction. Overexpression of the auto-inhibitory N-terminal domain of CTR1 in transgenic plants should compete with CTR1 for binding to the receptors, and cause a constitute ethylene response phenotype. Moreover, this phenotype should be epistatic to that conferred by the ethylene-insensitive, dominant allele of ETR1. Conversely, expression of a CTR1 deletion mutant without its N-terminal, auto-inhibitory domain, should render transgenic plants insensitive to ethylene.
The identi®cation of ETR1 as a histidine kinase indicates that the His to Asp phosphotransfer signaling system is not restricted to prokaryotes only. Seven Arabidopsis genes (ARR1-7) encoding proteins with a receiver-like domain have been described (Sakai et al., 1998; Imamura et al., 1998) . Although Imamura et al. (1998) showed that ARR3-7 can indeed function as phosphoaccepting response regulators, it is not known whether they function in the ethylene response.
Abscisic acid, low temperatures, salinity and drought
Abscisic acid (ABA) is a plant stress hormone whose level is induced under several conditions of abiotic stress such as drought, high salinity, and low temperatures. Expression analysis of osmotic responsive genes demonstrated that these genes are activated by an ABA-dependent as well as an independent pathway (Shinozaki & YamaguchiShinozaki, 1997) . The ABA signal transduction pathway has been reviewed recently (Leung & Giraudat, 1998; Grill & Himmelback, 1998) , and a working model based on results obtained through the use of microinjection (Wu et al., 1997 ) is presented in Figure 2 . Calcium has long been implicated in ABA responses, however the source of calcium and the type of calcium channel has yet to be identi®ed. Using microinjection experiments, Wu et al. (1997) showed that cADPR, a metabolite of NAD, plays a key role in ABA-inducible gene expression. cADPR has also been shown to med-iate the effects of ABA in stomatal closing (Leckie et al., 1998) . This cyclic nucleotide most likely releases calcium from cADPR-gated calcium channels located in plant vacuolar membranes (Allen et al., 1995) . The role of IP3 was also clari®ed in these microinjection studies. Using heparin as a speci®c inhibitor of IP3-gated channels it was shown that IP3-release of calcium is involved in secondary but not primary ABA response. This result is consistent with the ®nding that PLC itself is induced upon ABA treatment (Hirayama et al., 1995) .
Advances in determining ABA signal transduction pathway has been hampered by the paucity of mutants. Two dominant Arabidopsis mutants, abi1 and abi2, are insensitive the ABA-mediated growth arrest and are therefore presumably blocked in ABA signaling (Leung & Giraudat, 1998; Grill & Himmelback, 1998) . Interestingly, both ABI1 and ABI2 genes encode protein phosphatases of the PP2C family. Molecular analysis revealed that both mutant proteins contain a mutation of Gly to Asp which renders the phosphatases inactive. The dominant nature of the mutant proteins was presumably due to their functioning as dominant negative mutants, and this was indeed con®rmed by microinjection assays (Y. Wu et al, unpublished results) . Because ABI1 and ABI2 proteins were able to inhibit ABA responsive gene expression induced by calcium, one site of their action must be downstream of the calcium pool (Figure 2) . Foster & Chua (1999) used an ABA-responsive KIN2-LUC real-time reporter gene to isolate mutants blocked in negative, rather than positive regulation of the ABA response. One recessive mutant, ade1-1, showed enhanced and prolonged expression of KIN2, COR47, and RAB18 when treated with ABA. The molecular phenotype of ade1-1 was speci®c for ABA as cold-inducible KIN-2 expression was unaffected. The ADE1-1 protein most likely codes for a negative regulator of the ABA signaling pathway.
As KIN1, KIN2, COR47, and RD29A can be induced by cold and drought in aba and abi mutants, their expression is independent of ABA. Liu et al. (1998) reported two transcription factors, DREB1A and DREB1B which are induced by cold stress and drought/high salt stress, respectively, and are thought to activate RD29A under the two different stress conditions. Transgenic plants overexpressing the DREB1A cDNA showed a dwarf phenotype; however, the expression of RD29A was elevated. Moreover, these transgenic plants were tolerant to freezing and dehydration. These results indicate that DREB1A can induce the expression of a number of genes, including RD29A, that may have a protective role at low temperatures.
The recessive mutation, esk1 (eskimo1; constitutively freezing-tolerant), whose WT gene product most likely encodes a negative regulator to repress P5CS expression and other responses, shows constitutive expression of the ABA-inducible RAB18 under non-acclimated conditions (Xin & Browse, 1998) . Whether the expression of RAB18 in esk1 is dependent on ABA or not remains to be determined however, what is clear is that cold acclimation should not be viewed as a linear signaling chain. An example illustrating the complexity of cold-acclimation is that in esk1 at 22 C, there is no COR gene expression (controlled in an ABA-dependent and ABA-independent manner as well as in response to drought) which indicates that esk1 de®nes another signaling pathway different from those that mediate COR expression (cf. Thomashow, 1998) .
Previous experiments involving Arabidopsis mutants insensitive to or de®cient in ABA demonstrated that some osmotic response genes can be induced independently of ABA. These experiments led to the proposal that there are two parallel pathways for gene induction, one dependent on ABA and one independent of ABA (Shinozaki & Yamaguchi-Shinozaki, 1997) . However, analysis of cos, los, and hos mutants by Ishitani et al. (1997 Ishitani et al. ( , 1998 suggested that the two pathways may also interact to activate osmotic stress gene expression.
Classical physiological experiments have shown that ABA and GA have opposing effects on a number of responses. An example is the induction of genes encoding hydrolytic enzymes in the barley aluerone layer, which is promoted by GA but blocked by ABA. Recent results by Gomez-Cadenas et al. (1999) have provided a molecular tool to further understand the antagonistic action of the Figure 1 . The ethylene signal transduction pathway in Arabidopsis. In the absence of ethylene, the ETR and ERS receptors interact and activate the CTR1 protein kinase. Once activated, CTR1 negatively regulates, possibly through a MAPK cascade, downstream events by repressing the positive regulator EIN2. Binding of ethylene to the receptors disrupts the interaction of the latter to CTR1. The released CTR1 is presumably inactive and is unable to repress EIN2. Active EIN2 positively regulates the nuclear elements EIN3 and EIL1-3 which are proposed in turn to activate EREBP transcription factors which may then regulate target gene expression.
Plant Signaling Pathways two signaling pathways. The authors identi®ed a unique serine/threonine kinase, called PKABA1, whose expression level was increased by ABA. Constitutive expression of PKABA1 suppressed the induction of hydrolytic enzyme genes by GA, indicating that one or more intermediates in the GA signaling pathway may be attenuated through phosphorylation by PKABA1. Identi®cation of the PKABA1 substrate will help to identify the crossover point between the two hormonal pathways.
Other signaling pathways appear to share common transduction components with the ABA signaling pathway. For example, a mutant, uvs 66, which is hypersensitive to genotoxic agents (UV-C light and DNA damaging chemicals) is also hypersensitive to ABA as assayed by root growth (Albinsky et al., 1999) . This mutant also demonstrated a superinduction of RAB18 when subject to high salt treatment. However, it is not known whether the latter response is dependent on ABA or not. It would be interesting to examine whether the ABA-deregulated mutant ade1-1 (Foster & Chua, 1999 ) is hypersensitive to genotoxic agents.
Interaction between oxidative stress and drought stress has been investigated with respect to changes in gene expression and cytoplasmic calcium. Pre-treatment of Arabidopsis seedlings with H 2 O 2 reduces the expression level of P5SC and RAB18 genes induced by osmotic stress (Knight et al., 1997) . The nature of this inhibition is unknown, but one level of interaction is the cytoplasmic calcium pool. Osmotic stress entails a release of calcium probably through IP3-gated channels. Pre-treatment with oxidative reagents reduces the cytoplasmic calcium response induced by a subsequent manitol treatment suggesting that the two pathways may act antagonistically (Knight et al., 1998) .
One effect of abiotic stress is likely to be the arrest of cell division. How the stress signaling pathway interacts with the cell cycle machinery is a subject of emerging interest. Wang et al. (1998) discovered that the expression of a cyclin-dependent kinase inhibitor gene, ICK1, was increased by low temperatures and ABA treatment. This ®nding provides a molecular explanation of cell cycle arrest in response to abiotic stress.
It is evident that the molecular events taking place in a plant in response to abiotic stress is complex and involves both ABA-dependent and ABA-independent cascades. However, certain aspects are clear. cADPR plays a key primary role in ABA-inducible gene expression. As a prelude to the secondary response, PLC, which is induced during the primary response, catalyzes the formation of IP3 which in turn releases Ca 2 giving rise in a sense to an ampli®cation of the ®rst response through the activation of, e.g. the cold response.
Wounding
Wounding of plants is known to stimulate the synthesis of jasmonate (JA) which in turn elicits the expression of wound inducible genes such as the protease inhibitor (PI-II) gene. In tobacco, one of the ®rst molecular events following wounding is the activation of a wound-inducible protein kinase (WIPK), a member of the MAP kinase family, at the transcriptional as well as post-translational levels (Seo et al., 1999) . The role of this kinase in the wound response has been established by reverse genetics. WIPK-antisense transgenic tobacco plants did not accumulate JA upon wounding, whereas 35S-WIPK transgenic tobacco plants displayed three-to fourfold higher levels of JA and showed constitutive accumulation of PI-PII transcripts. The alfalfa homolog of WIPK is MMK4 which is also activated post-translationally by wounding and is involved in the stress-activated MAPK pathway. In this pathway, re-stimulation was inhibited for about 30 minutes after the ®rst stimulus, and this desensitized period is referred to as the refractory period. Meskinene et al. (1998) detected a MP2C protein phosphatase gene that is induced by wounding. The expression of this MP2C gene coincided with the refractory period, suggesting that this protein phosphatase is involved in the desensitization and resetting of the stress-activated MAPK pathway. How wounding causes the activation of WIPK leading to JA synthesis is not known.
Defense
In Arabidopsis, infection by pathogens generates two defense response pathways (Figure 3 A proposed model for ABA signaling. The ABA signaling pathway is proposed to be repressed by a hypothetical protein phosphatase which is sensitive to okadaic acid (OA). Binding of ABA to a putative receptor initiates downstream events leading to inactivation of the phosphatase thereby releasing the repression. The phosphatase can also be inactivated by OA which stimulates expression of ABA-responsive genes in the absence of the hormone (Wu et al., 1997) . Derepression results in the generation of cADPR which releases Ca 2 from vacuolar stores. The two OAsensitive phosphatases, ABI1 and ABI2, act downstream of the Ca 2 pool (Wu et al., unpublished results) , but their precise mode of action is not known at present. Knoester et al., 1998) . One pathway is mediated by salicylic acid (SA), culminates in the activation of PR1, PR2, and PR5 genes and confers resistance to Peronospora parasitica and Pseudomonas syringae (P.v) maculicola ES 4326. This pathway requires the function of the NPR-1 (non-expression of PR genes) gene product and is blocked in NahG transgenic plants which express a SA-degrading enzyme. Signaling through the other pathway requires the synergistic action of JA and ethylene, and it operates in a SA-independent fashion. The requirement for a concomitant activation of JA and ethylene signaling pathways was demonstrated by careful studies of appropriate response mutants, coi1-1 (blocked in JA response) and ein2-1 and etr1 (blocked in ethylene response) . This JA/ethylene pathway leads to the induction of PR3 (basic chitinase), PR4 (hevin-like protein) and PDF1.2 (a plant defensin) and it limits lesion formation by Alternaria brassicicola, Botrytis cinerea, and P. parasitica noco2. Bowling et al. (1997) isolated a recessive mutant, cpr5, that forms spontaneous hypersensitive response (HR)-like lesions and displays constitutive expression of PR genes as well as PDF1.2, indicating that CPR5 acts as an upstream, negative regulator before the divergence of the SA and the JA/ethylene pathways. Consistent with this notion, a cpr5 npr1 double mutant showed no PR1 gene expression but continued to express PDF1.2 constitutively.
The NPR1 gene encodes a protein with ankyrin repeats and is constitutively expressed in Arabidopsis. Moreover, its expression level is only modestly increased (twofold) upon SA treatment or upon pathogen infection. Because constitutive expression of the NPR1 gene does not activate PR gene expression, NPR1 must be regulated mainly at the post-translational level. This assumption is further supported by the ®nding that transgenic plants carrying a 35 S-NPR1 transgene do not express PR genes constitutively nor do they express disease resistance until challenged by a pathogen (Cao et al., 1998) .
Little is known about other components that mediate signal¯ux through the SA or JA/ethylene pathway. In soybean, calmodulin (CaM) is encoded by a multigene family of at least ®ve members. Heo et al. (1999) found that among these gene members only SCaM4 and SCaM5 are speci®cally induced 30 minutes after pathogen infection. Transgenic tobacco plants expressing 35 S-SCaM4 and 35 SSCaM5 genes produced spontaneous lesions and expressed PR genes constitutively. Curiously, these transgenic plants have normal SA levels and expression of the SAR-associated genes was not inhibited by co-expression of NahG in these plants, suggesting that the two CaM genes function independently of the SA pathway. These experiments should be repeated in Arabidopsis so the mode of action of these two speci®c CaM in defense signaling pathways may be identi®ed using various wellcharacterized signaling mutants.
If the two pathways are needed together to mount a defense response against a broad range of pathogens, mechanisms must exist to ensure the coordination of their signal¯ux. It was found that in NahG-expressing plants and in npr1-1 mutant plants, the target genes of the JA/ethylene pathway are expressed at a higher levels as compared to control plants (See Figure 1 by Thomma et al., 1998) . This result supports the hypothesis that the SA pathway negatively regulates the JA/ethylene pathway. When the SA pathway is blocked by SA hydrolysis (NahG plants) or by a mutation (npr1-1), this negative regulation is relieved leading to a higher level of gene expression in the JA/ethylene pathway. Future experiments are needed to identify the control points and determine the mechanism of this control. This situation is reminiscent of the reciprocal control mechanism described for the cGMP and the calcium/CaM pathways of PhyA signaling (Bowler et al., 1994a) . If reciprocal control indeed operates here, one would expect Figure 3 . The defense response pathway in Arabidopsis. The infection of Arabidopsis by either a compatible or incompatible pathogen leads to the generation of two defense response pathways: SA-dependent and JA/ethylene-dependent. The SA-dependent pathway leads to the activation of the PR1, PR2 and PR5 genes, requires NPR1 and is blocked in NahG transgenic Arabidopsis expressing an SA-degrading enzyme. The JA/ethylenedependent pathway requires the synergistic action of JA and ethylene and leads to the activation of the PR3, PR4 and PDF1.2 genes. This pathway is blocked in coi1 (JA response mutant) and ein2 (ethylene response mutant). Interactions occur between the two pathways in that the SA-dependent pathway is able to negatively regulate the JA/ethylene pathway.
Plant Signaling Pathways hyperinduction of PR1, PR2 and PR5 genes by A. brassicicola in the coi1 as well as the ein2 mutant.
If plant disease resistance gene products act as the receptors for avirulence gene products, its intracellular concentration would determine the amplitude and the duration of the defense response in infected cells. Boyes et al. (1998) addressed this issue by using an epitope-tagged RPM1 to follow the fate and location of this protein. PRM1 was found associated with the cytoplasmic face of the plasma membrane as a peripheral membrane protein and the protein was degraded concomitant with the onset of the HR response. This suggests that a desensitization mechanism exists so that the HR lesion size and the response amplitude at the site of infection can be regulated. If the RPM1 protein is degraded via the ubiquitin pathway, it would be interesting to ascertain whether phosphorylation precedes ubiquitination and to identify the E3 enzyme and the relevant F-box protein involved in this important step.
The active defense response in plants is triggered by the presumptive interaction between an avirulence gene product and the appropriate disease resistance gene product in the plant. A large number of disease resistance gene products have thus far been identi®ed in Arabidopsis and they fall into two classes, LZ-NBS/LRR and TIR-NBS/LRR. Aarts et al. (1998) performed a detailed study on the action of these genes in the npr1 and eds1 mutant backgrounds, which are known to block defense signal transduction. They found that NPR1 is required for the action of RPS2, RPM1, and RPS5, whilst EDS1 is needed for the action of RPP5, RPP2, RPP4, RPP21 and RPS4. Interestingly, the ®rst group of disease resistance gene products belong to the LZ-NBS/LRR class and the second group to the TIR-NBS/LRR class. One exception is RPP8 which is a member of the LZ-NBS/LRR class but shows no exclusive requirement for either NDR1 or EDS1 function.
A novel induced disease resistance phenomenon was recently described by Pieterse et al. (1998) . This phenomenon called induced systemic resistance (ISR) is induced by P.¯uorescence WCS417r, a rhizobacterium. Arabidopsis plants with ISR show no induction of PDF1.2, PR-1, AtVsp and HEL genes but they are resistant to P. syringae pv tomato, Fusarium oxysporum f sp raphani, and P. parasitica. The involvement of SA accumulation was ruled out because this pathway can operate in NahG plants. Using mutants blocked in JA signaling (jar1) and ethylene sensing (etr1), ISR was shown to be dependent, in a successive manner, on both the JA and ethylene responses. Surprisingly, notwithstanding its independence on SA accumulation, IRS still requires NPR1 for activity. Whether EDS (enhanced disease susceptibility) 1 function is also needed for ISR is not at present clear (Parker et al., 1996) .
Concluding remarks
This review has attempted to shed light on recent and exciting advances in how plants respond to hormonal and environmental cues and how these various signaling pathways interact in order to execute the appropriate developmental responses. In the past, plant signaling pathways have often been viewed as being linear from signal perception to subsequent downstream gene activation. Advances over the last several years, however, has revealed that the situation is more complicated than ®rst anticipated.
In most cases, signal perception culminates in the induction of a spectrum of downstream target genes, whose expression underpins physiological and/or developmental responses. Target gene activation does not always occur through linear pathways. More often than not, activation occurs by pathways that share upstream components but differ in downstream components. This allows for independent regulation of groups of target genes by the same signal or by other signals. In the latter case, these signals can act in a synergistic or antagonistic manner exerting their effect on a subset of target genes.
One emerging theme in plant signaling is that most plant signaling pathways so far examined seem mainly regulated through repression which is released by signal perception. Maybe this is not surprising because of the plasticity of plants and the need to execute transduction pathways with speed and precision. Positive regulators could be viewed as the essential``work horses'' of signaling cascades, whereas the negative regulators could be viewed as the``®ne-tuners'', coordinating quantitatively and appropriately timed derepression of already primed signaling responses as seen in the ethylene response pathway. More precisely, negative control mechanisms allow for selectivity and sensitivity by gating the pathway to operate over a range of input signal strengths, it allows for response termination even if the signal is still present (desensitization), and it allows for the resetting and reuse of the pathway.
Interactions observed between signaling pathways can either increase the response, i.e. synergism, or attenuate the response, i.e. antagonism. One clear example of synergism between two pathways is the additive effect of light and cytokinin on the inhibition of hypocotyl elongation of Arabidopsis seedlings which also extends to the level of CHS expression. The molecular details of this synergism need to be addressed. There are several well-documented examples of opposing effects between signaling pathways: ABA increases PKABA1 kinase expression, which in turn suppresses the induction of GA-responsive genes; pretreatment of Arabidopsis with H 2 O 2 , i.e. oxidative stress, results in reduced expression of osmotic stress genes such as RAB18 and P5CS, and sugars suppress the expression of light-responsive genes. Clearly, the cross-talk between pathways play an important role in coordinating the execution of the appropriate responses and it will be fascinating to learn more about the multiple facets of this communication network.
Existing screens have mainly focused on the isolation of constitutively active or loss-of-function mutants. The isolation of constitutively active mutants assumes that the pathway is under repression, whilst loss-of-function alleles arise either through the disruption of positive or negative regulatory elements. Novel mutant screens are needed to uncover components that determine the sensitivity to or modulate the response amplitude of a signal. These and more subtle mutations that affect pathway regulation therefore require different screening strategies such as promoter-LUC fusion technologies (Genoud et al., 1998; Foster & Chua, 1999) . In this regard, advances in the elucidation of plant signaling pathways can be accelerated by the identi®cation of more target genes either through differential display (Brandstatter & Kieber, 1998) or by DNA chips/microarray technology (Gerhold et al., 1999) . Moreover, the availability of additional target genes will help to further de®ne downstream branches of signaling pathways.
New screening programs will lead to the isolation of novel and exciting signaling mutants. To gain a better understanding of how the identi®ed signaling components function, communicate and execute their responses, complementary genetic and biochemical approaches are required. In this respect, it will be of great interest to gain insight into how signaling pathways relate to the cell cycle machinery (i.e. cell cycle controls division and exit from the cycle is needed for differentiation) in terms of phosphorylation/dephosphorylation checkpoints and how cell cycle components are regulated by various signals. One step towards this goal has been reported by Riou-Khamlichi et al. (1999) , where the induction of CycD3, which regulates G1/S transition, is clearly implicated in the cytokinin response of Arabidopsis. Proteolysis through the ubiquitin pathway has emerged to be an important regulatory mechanism for auxin (Gray et al., 1999) and JA responses (Xie et al., 1998) , and future research may uncover additional roles of other F-box proteins in plant signaling. As cytoskeletal changes in a cell underpin cell division, elongation and differentiation, it would be of great interest to investigate how signals modulate cytoskeletal dynamics.
In summary, complementary genetic, molecular and biochemical approaches are starting to unravel the complexity of plant signal transduction and to highlight the communication that occurs between different pathways. It is already clear, however, that extensive interactions and intersections occur both within a pathway and between different pathways. How signaling molecules are organized inside plant cells to execute pathway speci®city and communication, in response to several signals, and how these signals are relayed to coordinately activate gene expression are exciting future challenges.
